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Foam concrete is a low-density, highly workable cementitious 
material, created by blending a fine-aggregate paste with a 
foaming agent.  Properties of foam concrete suggest potential 
for commercial exploitation of the material in a wide variety 
of applications and markets.  However, reliably designing a 
foam concrete mix to a particular specification has proved a 
difficult challenge and a barrier to more widespread usage. 
This thesis builds a comprehensive framework for foam 
concrete mix design.  A strategic set of mixes, across a broad 
range of densities, cementitious densities, and cementitious 
blends, is evaluated for an extensive array of properties: 
compressive strength, density, slump flow, segregation, 
modulus of elasticity, Poisson’s ratio, crushing behaviour, 
creep, drying shrinkage, capillary water uptake, moisture 
storage, moisture movement, thermal conductivity, freeze-
thaw resistance, and air-void distribution.  Critical and 
previously neglected engineering properties are quantified 
and characterized.  A proposed model assimilates interrelated 
trends, to explain observed behaviour of foam concrete in 
plastic, curing, and hardened phases at a micromechanical 
scale.  Knowledge is summarized in a series of mix design 
guides, to assist in developing appropriate solutions for 
given applications, with less reliance on trial-and-error 
and speculation.  Finally, this study lays a foundation for a 
systematic and methodologically consistent approach to 
future foam concrete research.
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A note on the citations—
As elaborated in Chapter 3, information on foam concrete is 
sometimes confusing or contradictory.  Furthermore, properties 
of the material are frequently exaggerated, misinterpreted, 
communicated imprecisely, or extracted from outdated or 
unreliable sources, especially in promotional literature.  
Given this context, it was considered important to reference all 
information presented in this work as rigorously as possible.  
Every attempt has been made to locate original articles, rather 
than relying on secondary sources.  Footnote citations have 
been used throughout the text, which precisely define each 
reference, including page or section numbers, and which may be 




































































































































high-speed mixing pre-formed foam peroxide + bleach
(uncommon)
metal powder
aluminumwet foam dry foam zinc









air-entraining agent foaming agent gas-forming agent







more important for 
strength, permeability
Capillary voids



























Relationship between cementitious materials with deliberately introduced air-voids in 
the mortar.  Refer to Appendix A, Section 3. 
P PP P






























































































































































































































































































































































































































































































































































































































12%	Silica	 	 *	 	 *	 	 *	 	 *	 	
6%	Silica		 	 	 	 	 	 	 	 	 	
100%	Portland	 	 **		 	 *	 	 *		 	 *	 	
30%	Slag	 	 	 	 	 	 	 	 	 	






































































12%	Silica		 	 *	 	 *	 	 *	 	 *	 	
6%	Silica		 	 	 	 	 	 	 	 	 	
100%	Portland		 	 **	 	 *	 	 *	 	 *	 	
30%	Slag	 	 	 	 	 	 	 	 	 	





















12%	Silica		 	 *	 	 *	 	 *	 	 *	 	
6%	Silica		 	 	 	 	 	 	 	 	 	
100%	Portland		 	 **	 	 *	 	 *	 	 *	 	
30%	Slag	 	 	 	 	 	 	 	 	 	































12%	Silica		 	 *	 	 	 	 *	 	 	 	
6%	Silica		 	 	 	 	 	 	 	 	 	
100%	Portland		 	 **	 	 *	 	 *	 	 *	 	
30%	Slag	 	 	 	 	 	 	 	 	 	

























12%	Silica		 	 *	 	 	 	 *	 	 	 	
6%	Silica		 	 	 	 	 	 	 	 	 	
100%	Portland		 	 **	 	 *	 	 *	 	 *	 	
30%	Slag	 	 	 	 	 	 	 	 	 	



























12%	Silica		 	 *	 	 *	 	 *	 	 *	 	
6%	Silica		 	 	 	 	 	 	 	 	 	
100%	Portland		 	 **	 	 *	 	 *	 	 *	 	
30%	Slag	 	 	 	 	 	 	 	 	 	



























12%	Silica		 	 *	 	 *	 	 *	 	 *	 	
6%	Silica		 	 	 	 	 	 	 	 	 	
100%	Portland		 	 **	 	 *	 	 *	 	 *	 	
30%	Slag	 	 	 	 	 	 	 	 	 	































12%	Silica		 	 	 	 	 	 	 	 	 	
6%	Silica		 	 	 	 	 	 	 	 	 	
100%	Portland		 	 	 	 	 	 	 	 	 	
30%	Slag	 	 	 	 	 	 	 	 	 	





















12%	Silica		 	 	 	 	 	 	 	 	 	
6%	Silica		 	 	 	 	 	 	 	 	 	
100%	Portland		 	 	 	 	 	 	 	 	 	
30%	Slag	 	 	 	 	 	 	 	 	 	

























12%	Silica		 	 *	 	 *	 	 *	 	 *	 	
6%	Silica		 	 	 	 	 	 	 	 	 	
100%	Portland		 	 **	 	 *	 	 *	 	 *	 	
30%	Slag	 	 	 	 	 	 	 	 	 	


























12%	Silica		 	 	 	 	 	 	 	 	 	
6%	Silica		 	 	 	 	 	 	 	 	 	
100%	Portland		 	 	 	 	 	 	 	 	 	
30%	Slag	 	 	 	 	 	 	 	 	 	

























12%	Silica		 	 	 	 	 	 	 	 	 	
6%	Silica		 	 	 	 	 	 	 	 	 	
100%	Portland		 	 **	 	 	 	 	 	 	 	
30%	Slag	 	 	 	 	 	 	 	 	 	


































12%	Silica		 	 	 	 	 	 	 	 	 	
6%	Silica		 	 	 	 	 	 	 	 	 	
100%	Portland		 	 *	 	 *	 	 *	 	 	 	
30%	Slag	 	 	 	 	 	 	 	 	 	


























12%	Silica		 	 	 	 	 	 	 	 	 	
6%	Silica		 	 	 	 	 	 	 	 	 	
100%	Portland		 	 	 	 	 	 	 	 	 	
30%	Slag	 	 	 	 	 	 	 	 	 	
































12%	Silica		 	 	 	 	 	 	 	 	 	
6%	Silica		 	 	 	 	 	 	 	 	 	
100%	Portland		 	 	 	 	 	 	 	 	 	
30%	Slag	 	 	 	 	 	 	 	 	 	


























12%	Silica		 	 	 	 	 	 	 	 	 	
6%	Silica		 	 	 	 	 	 	 	 	 	
100%	Portland		 	 	 	 	 	 	 	 	 	
30%	Slag	 	 	 	 	 	 	 	 	 	

























12%	Silica		 	 	 	 	 	 	 	 	 	
6%	Silica		 	 	 	 	 	 	 	 	 	
100%	Portland		 	 	 	 	 	 	 	 	 	
30%	Slag	 	 	 	 	 	 	 	 	 	










































































Image of thoroughly blended, fresh foam concrete in a laboratory mixer.
Many foam concrete mixes tested in the experimental program were 
also produced in the field for real-world applications during the course 












































Typical finished surface of  fresh (left) and hardened (right) foam concrete in 100 x 200mm 
plastic moulds.  The mix on the left is sanded, while the mix on the right contains no aggregate.
50 x 150mm moulds, made from PVC (central vac) tubing and PP disc base.  The PVC tubing was 
cut longitudintally and taped together again, for ease of demoulding.  Castings were consistently 
circular, ±1mm.
Demoulding process for 50 x 300mm diameter specimens, used for drying shrinkage testing.  






































Vaccum saturation chamber, resevoir, pump, and drying oven.
50 x 150mm specimens tested for porosity, after a long period of 
evacuation.  Stainless steel plates were used as weights to act against the 
bouyancy of low-density specimens with dry interiors, during the initial 









































Typical spread of fresh foam concrete.
50mm high specimens were cut from the bottom and top of 100 x 200mm 
cylinders for segregation testing (left), and oven-dried (right).  A 6mm 
thick layer was removed from the top and bottom surface of the cylinder, 


















































































































Specimens were capped with sulphur and tested for compressive strength.
Additional compression tests were performed on unbonded specimens, in 
a different testing frame.  (Refer to Section 5.4.4.)  Results are compared in 





















































































































Set-up for testing of modulus of elasticity and Poisson’s ratio.  An unbonded compressometer 
is attached to the specimen; the specimen is seated centrally in the testing frame.  As load is 
applied, changes in specimen height and diameter are recorded continuously.
Diagram of displacements for modulus of elasticity testing.  Elevation view.




A  location of gauge
B  support point of the rotating yoke
C  location of pivot rod
d  displacement due to specimen deformation
r  displacement due to rotation of the yoke about the pivot rod 
g  gauge reading
er  perpendicular distance from the pivot rod to the vertical plane 
passing through the two support points of the rotating yoke
eg  perpendicular distance from the gauge to the vertical plane passing 
through the two support points of the rotating yoke
A’  location of transverse gauge
B’  support point of the yoke segments
C’  location of hinge between yoke segments
d’  transverse deformation of the specimen diameter
g’  transverse gauge reading
e’h  perpendicular distance from the hinge to the vertical plane 
passing through the two support points of the middle yoke
e’g  perpendicular distance from the gauge to the vertical plane 





















































































































































































































Detail of creep frames.  Specimens bear against thick steel platens.  Load cells bear against 
spherical steel spheres, centred in conical depressions in the steel frame, to reduce eccentric 
loading on the cylinder stack.  Varying combinations of disc springs, tuned for each intended 
load, reduce variation in applied loading as the specimens deform.  Nuts on the threaded rods 
are tightened regularly to accomodate displacement.
Figure 5.4.5a
Figure 5.4.5b
Unsealed creep specimens in controlled climate chamber: (a) insulated, low emissivity walls; 
(b) temerature and RH sensor; (c) dehumidifier;  (d) humidifier; (e) electric resistance heater; 




















































































































Drying shrinkage specimens in controlled climate chamber.
Detail of stainless steel domed cap nut, mounted on stainless steel bolt.   
A central conical drilled depression in the cap nut provided a reliable, 
positive means of contact with the the terminals of the dial gauge.  The 
plain shank of the embedded bolt was coated with form release oil prior to 









































































































50 x 150mm specimens immersed fully in water, for water absorption and 
moisture movement testing.  
100 x 50mm specimens, with lower surface immersed in 1 to 3mm of 


































image of C518 
machine
Foam concrete panel for thermal thermal conductivity testing, taped 
tightly to pine guard (left).  Flexible, dimpled plastic facers mats (right) 
were used to ensure consistent conductivity between the specimens and 
the hot and cold plates of the guarded hot plate apparatus.
Set-up for thermal conductivity testing.  Specimen is loaded in the guarded 
hot plate apparatus on right.  Heat transfer between the hot plate, panel, 







































































































50 x 150mm specimen sealed to prevent moisture loss.  A 4mm diameter 
apeture in the taped ends, centred on the stainless steel locating discs, 
facilicated a positive connection to the terminals of the length comparator.
Specimens were suspended in a freeze-thaw bath of 30% propylene glycol, 
and subjected to 12 freeze-thaw cycles.  Evident length change (dilation) 





































Storage of saline scaling specimens in freezing chamber.  The order of the 
containers was rotated with each freezing cycle.
Typical accumulation of loose flakes and particles of concrete (scale) from 
foam concrete panel surface after 5 freeze-thaw cycles in 3% sodium 



































Set-up for photographing air-void structure of foam concrete specimens.




































Explain trends per microstructural characteristics
6.17.1 Qualitative Analysis (12)
6.17.2 Quantitative Analysis (3)
Evaluate curing and hardened state properties
Establish appropriate proportions for mixes
6.1 Influence of Mix Design on Water Demand  (718)
Confirm quality and repeatability of fresh batches
6.2 Slump Flow     (18)
6.3 Segregation     (20)
6.4 Porosity      (22)
6.5 Uniformity and Repeatability    (120)
Mechanical
6.6 Compressive Strength (363)
6.7 Modulus of Elasticity (114)
6.8 Poisson’s Ratio (114)
6.9 Crushing Behaviour (231)
6.10 Creep (15)
Hygric
6.11 Drying Shrinkage (168)
6.12 Moisture Storage (45)
6.13 Moisture Movement (30)
6.14 Capillary Water Uptake (36)
Thermal and Durability
6.15 Thermal Conductivity (31)
6.16.1 Freeze-Thaw Resistance (36)
6.16.2 Saline Freeze-Thaw (6)
‘Graphic roadmap’ to the experimental program.  The total number of specimens tested is noted in 





















































Bleedwater evident on surface of a freshly-cast 
cylinder.
From left to right, water-binder ratios of 0.6, 0.65, 0.7, 0.75, 
and 0.8.  Segregation is evident in mixes with high w/b ratios.  
Note the whitish veins running through specimens on the 
right, where cement has dropped from the mix.
Figure 6.1.1a Figure 6.1.1b
82
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square data points 






12% Silica Fume Replacement
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12% Silica Fume Replacement
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12% Silica Fume Replacement
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12% Silica Fume Replacement
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12% Silica Fume Replacement
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Refer also to Figure 6.1.1.6a
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Optimal water-binder ratios, not including dilution water from foam.
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Figure 6.1.2.1a




































Strength vs. Water-Cement Ratio
Strength vs. Water Content
Strength vs. Water-Cement Ratio
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Figure 6.1.2.2c
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Water demand for 1400 kg/m3 nominal 
density mixes.  Influence of cementitious 
density on optimal w/c ratio.
Water demand for 1800 kg/m3 nominal 
density mixes.  Influence of cementitious 
density on optimal w/c ratio.
Water demand for 1400 kg/m3 nominal 
density mixes.  Influence of cementitious 
density on optimal water content (kg/m3).
Water demand for 1800 kg/m3 nominal 
density mixes.  Influence of cementitious 
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	Section	6.5	 Repeatability	 X	 X	 Comparable	compressive	strengths	

























	Section	6.15	 Thermal	Conduct.	 	 X	 	








































Initial recommendations for w/b ratios 
(from Section 6.1.1 and 6.1.2)
Updated recommendations for  w/b ratios, 
based on large-scale batching trials
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Equivalent water-binder ratios (incl. dilution water) vs. plastic density.
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Segregation vs. dry density.  Comparison of dry density at top and bottom of cast cylinder. 
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Outlier values from Dataset 3 
not included in average
CoV, including outlier values
Plastic Density (kg/m3)










Uniformity and repeatability among 100% Portland cement binder trials, 56-days moist-cured.


































Outlier values from Dataset 3 
not included in average
Plastic Density (kg/m3)






















Uniformity and repeatability among 50% slag trials, 56-days moist-cured.


































Outlier values from Dataset 3 
not included in average
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Uniformity and repeatability among 12% silica fume trials, 56-days moist-cured.





























































































varying cem. dens. as noted (kg/m3).
kg/m3  cem. dens. 
12% Silica Fume
6% Silica Fume
100% Portland cement 
30% GGBS 
50% GGBS


















Compressive strength vs. plastic density, 28 days moist-cured, Dataset 1 (sulphur caps).
110
Plastic Density (kg/m3)









































Compressive strength vs. plastic density, 28 days moist-cured, Dataset 2 (unbonded).
111
Theoretical Dry Density (kg/m3)


























varying cem. dens. as noted (kg/m3).
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Compressive strength vs. theoretical dry density, 28 days moist-cured, Dataset 1 (sulphur caps).
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Actual Dry Density (kg/m3)









































Compressive strength vs. actual dry density, 28 days moist-cured, Dataset 2 (unbonded).
113
Theoretical Oven-Dry Density (kg/m3)


























varying cem. dens. as noted (kg/m3).
kg/m3  cem. dens. 
12% Silica Fume
6% Silica Fume
100% Portland cement 
30% GGBS 
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Compressive strength vs. theoretical oven-dry density, 28 days moist-cured, Dataset 1 (capped).
114
Actual Oven-Dry Density (kg/m3)









































Compressive strength vs. actual oven-dry density, 28 days moist-cured, Dataset 2 (unbonded).
115
Porosity (Companion Specimens)


























































1.0 0.40.6 0.20.8 0.0
Figure 6.6.1.4b
Filler : Binder ratio
12% Silica Fume
100% Portland cement
Data from Akthar and Evans (2010)









Trendline formulae and 
coefficients of determination 

















Compressive strength vs. porosity, 56 days moist-cured, Dataset 2 (unbonded).  











	 	 	 	 	
100%	PC	 0:1	 𝑆𝑆 = 167 1 − 𝑝𝑝 !.!"	 0.990	 𝑆𝑆 = 11311𝑒𝑒!!!.!!!	 0.963	
	
2:1	 𝑆𝑆 = 225 1 − 𝑝𝑝 !.!!	 0.993*	 𝑆𝑆 = 597.9𝑒𝑒!!.!!!	 0.995*	
12%	SF	 0:1	 𝑆𝑆 = 872 1 − 𝑝𝑝 !.!"	 0.884*	 𝑆𝑆 = 924353𝑒𝑒!!".!"!	 0.884*	
	


















































































50% GGBS binder replacement
12% Silica Fume binder replacement
Compressive strength vs. cementitious blend.  28 days moist-cured, Dataset 1 (sulphur caps).  
Strength gain relative to 100% Portland cement binder mixes.  













































































Compressive strength of neat cement and sanded mixes, varying density.
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0 2814 21 4235 497 56
Curing Time (Days)
0 2814 21 4235 497 56
Curing Time (Days)
0 2814 21 4235 497 56
Curing Time (Days)
0 2814 21 4235 497 56
Curing Time (Days)
0 2814 21 4235 497 56
Curing Time (Days)
0 2814 21 4235 497 56
1800 kg/m3 nominal density
1800 kg/m3 nominal density












kg/m3  cem. dens. 
12% Silica Fume
6% Silica Fume




610 kg/m3 cem. dens.
510 kg/m3 cem. dens.
























































































































Comparison of experimental results and data from the literature.
Data from the Literature:
410
Experimental Results:
kg/m3  cem. dens., 28 days moist-cured, Dataset 1
12% Silica Fume
6% Silica Fume
100% Portland cement 
30% GGBS 
50% GGBS
FC (conventional): BCA (1994) [Theoretical]
FC (cement-fly ash, 56-day): Kearsley (1999) [Lab]
FC (cement-sand): Ramamurthy and Narayanan (2000) [Lab]
FC (cement-fly ash): Ramamurthy and Narayanan (2000) [Lab]
FC (cement-sand): Kostmatka et al. (2002) [Theoretical]
FC (neat cement): Kostmatka et al. (2002) [Theoretical]
FC (cement-fly ash): Kearsley and Mostert (2005) [Lab]
FC (cement-fly ash, hot water curing): Kearsley and Mostert (2005) [Lab]
FC (cement-mineral admixtures) Zhihua et al. (2007) [Lab]
FC (cement-sand-mineral admixtures) Zhihua et al. (2007) [Lab]
FC (cement-sand): Zhihua et al. 2007 [Lab]
FC (cement-sand-fly ash): Nambiar and Ramamurthy (2009) [Lab]
FC (cement-sand): Nambiar and Ramamurthy (2009) [Lab]
FC (geopolymer): Yang et al. (2014) [Lab]
FC (cement-mineral admixtures, etc): Zhihua et al. (2014) [Lab]
FC (cement-silica fume) + LWA (XPS): Wu et al. (2013) [Lab]














	 Specimen	1	 Specimen	2	 Specimen	3	 Specimen	1	 Specimen	2	 Specimen	3	
Cycle	1	 1.74	 1.22	 1.59	 5.92	 6.32	 5.66	
Cycle	2	 1.74	 1.29	 1.57	 5.81	 6.31	 5.76	
Cycle	3	 1.69	 1.31	 1.59	 5.93	 6.27	 5.81	
Cycle	4	 1.66	 1.32	 1.57	 5.75	 6.28	 5.75	
Cycle	5	 1.64	 1.33	 1.57	 5.71	 6.28	 5.76	
Cycle	6	 1.62	 1.32	 1.57	 5.81	 6.27	 5.71	



















































































































































































50% GGBS 100% PC 12% SF














Figure 6.7a Linearity of stress-strain relationships.
129
Dry Density (kg/m3)






















Figure 6.7b Modulus of elasticity vs. dry density, 28 days moist-cured.


































Figure 6.7c Modulus of elasticity vs. dry density, 56 days moist-cured.


































Figure 6.7d Modulus of elasticity vs. plastic density, 28 days moist-cured.


































Figure 6.7e Modulus of elasticity vs. plastic density, 56 days moist-cured.























































































0 1200 20001600800400 2400
Dry Density (kg/m3)
0 1200 20001600800400 2400
Note: 
The portion of the plot outside of 
the density range prescribed by  
CSA A-23.3-14, §8.6.2.2 has been 
shaded grey.
Filler-Binder Ratio




















50% GGBS binder replacement
12% Silica Fume binder replacement
Figure 6.7f Influence of SCMs on Modulus of Elasticity (% improvement relative to 100% PC binder mixes).
Change in MOE from 28 to 56 days (%).  Values based on average of three specimens.
Accuracy of calculated MOE values (per CSA A-23.3-14, §8.6.2.2) for specimens at 28 days.






































































































Modulus of elasticity vs. compressive strength, 28 days moist-cured.
Modulus of elasticity vs. compressive strength, 56 days moist-cured.



































































































































































































































50% GGBS 100% PC 12% SF














Figure 6.8a Linearity of relationship between transverse and axial strains.
139
Plastic Density (kg/m3)


























Figure 6.8b Poisson’s ratio vs. plastic density, 28 days moist-cured.
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Plastic Density (kg/m3)
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410 kg/m3 c.d. (sanded)
410 kg/m3 c.d. (sanded)
410 kg/m3 c.d. (sanded)
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Figure 6.9c Figure 6.9dCrushing behaviour of FCA mixes. Crushing behaviour of 50% slag mixes.
144
100% Portland 12% Silica Fume
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Figure 6.9e Figure 6.9fCrushing behaviour of PC mixes. Crushing behaviour of 12% SF mixes.
28 day trials (light)



































100% Portland 12% Silica Fume
510kg/m3 cem. dens. 510kg/m3 cem. dens.
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Figure 6.9g Figure 6.9hCrushing behaviour of PC mixes. Crushing behaviour of 12% SF mixes.
28 day trials (light)
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Crushing Behaviour - Mixes without Aggregate
28 day trials (light)







































































































Figure 6.10a Specific creep strain.  Does not include strain induced immediately after loading.
Creep strain.  600 kg/m3 nominal density specimens, subjected to 0.2 and 0.4 f ’c.
Creep strain.  1400 kg/m3 nominal density specimens, subjected to 0.4 f ’c.
kg/m3  nom. dens. 
Portland cement, 0.2 f ’c
Portland cement, 0.4 f ’c
12% Silica Fume, 0.4 f ’c
Portland cement , 0.4 f ’c
50% GGBS, 0.4 f ’c
Legend
600





1400 kg/m3  nom. dens.
kg/m3  nom. dens. 
PC, 0.2 f ’c
PC, 0.4 f ’c
Legend
600

























Buckling along cast surface of 600kg/m3 foam concrete after 12 months of exposure to 50% RH, for 
loadings of 0.2 and 0.4 f ’c (above and below, respectively). 
Figure 6.10d
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Change in mass of 600 and 1400 kg/m3 Portland cement foam concrete specimens during 
drying in 50% RH.
Specific creep strain.  1400 kg/m3 nominal density specimens. 
Drying shrinkage of creep companion specimens.












1400 kg/m3  nom. dens.








































410kg/m3 cem. dens., 28 Day Water-Cured
410kg/m3 cem. dens., 28 Day Water-Cured
2:1 Filler-Binder Ratio - 50% GGBS
2:1 Filler-Binder Ratio - 100% PC
2:1 Filler-Binder Ratio - 12% SF
0:1 Filler-Binder Ratio - 50% GGBS
0:1 Filler-Binder Ratio - 100% PC
0:1 Filler-Binder Ratio - 12% SF
410kg/m3 cem. dens., 28 Day Water-Cured
410kg/m3 cem. dens., 28 Day Water-Cured
410kg/m3 cem. dens., 28 Day Water-Cured












































































Time (t+1 days) from start of drying
Time (t+1 days) from start of drying
Time (t+1 days) from start of drying
Time (t+1 days) from start of drying
Time (t+1 days) from start of drying
















































































































































Time (t+1 days) from start of drying
Time (t+1 days) from start of drying












kg/m3 cem. dens. 
Varying Filler-Binder Ratio - 50% GGBS
410kg/m3 cem. dens., 28 Day Water-Cured
Varying Filler-Binder Ratio - 100% PC
410kg/m3 cem. dens., 28 Day Water-Cured
Varying Filler-Binder Ratio - 12% SF
410kg/m3 cem. dens., 28 Day Water-Cured
Figure 6.11dD.S. of specimens with varying f/b ratios.
Time (t+1 days) from start of drying
Time (t+1 days) from start of drying














0:1 Filler-Binder Ratio, 1 Day Water-Cured
0:1 Filler-Binder Ratio, 28 Day Water-Cured
Varying Cementitious Density
410kg/m3 cem. dens., 1 Day Water-Cured
Varying Filler-Binder Ratio - 12% SF
Figure 6.11c Evidence of expansive strains.
410 kg/m3 c.d.


























































410kg/m3 cem. dens.410kg/m3 cem. dens.







































































100% Portland 12% Silica Fume
410kg/m3 cem. dens. 410kg/m3 cem. dens.




























































































































































Moisture Content - Influence of Curing Regime
100% Portland 12% Silica Fume











































































Figure 6.11i Figure 6.11j
Figure 6.11k
Change in mass of PC specimens. Change in mass of SF specimens.














































Varying Cementitious Density Varying Filler-Binder Ratio
0:1 Filler-Binder Ratio























































































































































Time (t+1 days) from start of drying




















































































































Time (t+1 days) from start of drying
28-Day Water-Cured (50mm ⌀) 56-Day Moist-Cured (100mm ⌀)


























































































































































































28-Day Water-Cured (50mm ⌀)
410kg/m3 cem. dens.
Moisture Loss



















































































1 Day Water Cured 
Dry Density vs. Drying Shrinkage
Dry Density (kg/m3)































kg/m3  cem. dens. 
12% Silica Fume
100% PC











28 Day Water Cured 
Dry Density vs. Drying Shrinkage
Dry Density (kg/m3)































kg/m3  cem. dens. 
12% Silica Fume
100% PC

































80% RH 90% RH
Exposure to 80% RH, proposed model.
Specimen initially conditioned to 50% RH.  
High RH air progresses through open 
capillaries in the highly permeable material.  
Water adsorbs on available internal surface 
area throughout the specimen.
Exposure to 90% RH, proposed model.
Specimen initially conditioned to 50% RH.  
Vapour condenses in small diameter capillaries near the 
exposed surface of the material.  Interior air is ‘trapped’. 
Interior air can only evacuate the specimen via diffision 
through capillary condensation water (A). 















































































































































































































































50% GGBS 100% PC 12% SF






































































































































































































































Water-binder ratios used for mixes.































































Moisture storage functions for neat cement specimens (log scale).
Moisture storage functions for Portland cement specimens (log scale).Figure 6.12g
Figure 6.12h
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Moisture storage functions for 12% silica fume specimens.
Moisture storage functions for Portland cement specimens.






































After 28 days of immersion
After 1 day of immersion
0 804020 60 100
Moisture Movement 



































































Calculated stress exerted upon wetting, for specimens conditioned in 50% RH.  




































to constant mass at 50% RH
Oven-dried
  to constant mass at 50°C
Oven-dried
 to constant mass at 100°C
Change in Length Change in Mass
0 7014 28 42 56
0 7014 28 42 56
0 7014 28 42 56
0 7014 28 42 56
Time (days)
0 7014 28 42 56
0 7014 28 42 56
0 7014 28 42 56
0 7014 28 42 56
Time (days)


















































































































Drying at 100°C induced visible shrinkage cracking in 710kg/m3 neat cement foam concrete.
4x magnification.  (Refer also to Figures 6.14k and 6.14m.)
Change in length of specimens 
subjected to wetting, then drying.
Change in mass of specimens 
subjected to wetting, then drying.



























Figure 6.14a Figure 6.14b Figure 6.14c
liquid waterliquid waterliquid water
CWU paths, 0:1 f/b. CWU paths, 2:1 f/b.
Capillary suction of 
interconnected air voids 
results in high rate of CWU.
Low interconnectivity 
between air-voids results 
in lower rate of CWU.
High water-binder ratios 
result in increased 
capillarity of paste.
CWU paths, 3:1 f/b.
180
CWU of silica fume specimens conditioned at 50°C until constant mass.
CWU of Portland cement specimens conditioned at 50°C until constant mass.

































































































































Accumulated moisture after 14 days.
Initial rate of water uptake (0 to 0.5 hours)
Rate of water uptake, after initial stabilization (0.5 to 4 hours)














ratios result in 
an increased 
volume of sorbing 
paste, which may 
help explain the 
increased CWU 
observed in the 
densest mixes.  
Figure 6.14j
0:1 Filler-Binder Ratio
























































































































CWU of specimens conditioned at 50°C until constant mass.  Cross-section at 8x magnification.
CWU of specimens conditioned at 50°C for 3 days.





































































































































Thermal conductivity vs. dry density.
Dry Density (kg/m3)




















































































12% SF, 410 c.d.
100% PC, 410 c.d.
100% PC, 510 c.d.
Legend







12% SF, 410 c.d.
100% PC, 410 c.d.
100% PC, 510 c.d.
Legend
*Refer to Figure 8.1c 
for Imperial Units
Theoretical values 






































0 14060 80 100 12020 40
Time (days)
0 14060 80 100 12020 40
Time (days)
0 14060 80 100 12020 40
Time (days)
0 14060 80 100 12020 40
Time (days)
0 14060 80 100 12020 40
Time (days)




































Freeze-thaw dilation of 600 kg/m3 specimens of varying moisture contents.
Freeze-thaw dilation of 1400 kg/m3 specimens of varying moisture contents.
Moisture accumulation in 600 kg/m3 specimens during CWU and liquid immersion.















































(no evidence of damage at max. sat.) (no evidence of damage at max. sat.)










CWUCWU 50mm head: immersion after 18 months in 50% RH
3mm head: immersion after 12 months in 50% RH













































Scale of voids in concrete.  Refer to Appendix A, Section 6.2.3.  After Mehta (1986).
Scaled surface, 600 kg/m3 specimen.
Specimen immersed 140 days, frozen, 
and fractured.  4x magnification.
Scaled surface, 1400 kg/m3 specimen.
Scaled surface near DEMEC disc, 
600 kg/m3 specimen.
Figure 6.16.1e
Specimen initially conditioned to 50% RH.  
All available surfaces exposed to liquid water.
Specimen exposed to freezing temperatures.
Air voids closest to the specimen surface will tend to fill 
with water most quickly (A), while interior voids remain 
relatively dry (B).  Ice crystals form in the saturated air voids.  
Supercooled liquid from surrounding capillaries migrates 
to the low-energy frozen sites (red arrows), contributing to 


















more important for 
strength, permeability
Capillary voids
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Time (days)

























Allowable immersion time (without risk of freeze-thaw damage) vs. dry density, 50mm head.
Changes in density upon wetting and drying for 600 and 1400 kg/m3 PC specimens.  
Vacuum saturated specimens release moisture readily via open capillary paths, while moisture 
ingress into dry specimens is slow after capillary saturation, since air voids are ‘sealed’.
Figure 6.16.1k Moisture is concentrated near the specimen surface during long term immersion in water (left).  
Moisture diffuses more readily throughout the specimen during drying after vacuum saturation, 
via relatively dry capillary paths (right).  
No elongation detected following 130 days of immersion.























Specimen conditioned in 50% RH for 18 months, 
then immersed in water
Specimen vacuum saturated, then exposed to 50% RH
Specimen vacuum saturated, then exposed to 50% RH
Specimen conditioned in 50% RH for 18 months, 
then immersed in water
600kg/m3 PC foam concrete
1400kg/m3 PC foam concrete














































































Number of Freeze-Thaw Cycles





























Loss of mass due to saline freeze-thaw scaling.
Average loss of depth due to saline freeze-thaw scaling.
Typical limit for assessment of 




All Images at 1x Magnification
0 168 32 48 mm
1400 kg/m3 n.d.
2:1 Filler-binder ratio 
410 kg/m3 c.d.
1800 kg/m3 n.d.

















All Images at 1x Magnification



















































































Figure 6.17.1a Foam concrete specimen sections at 1x magnification.
200
1.5 2 2.5 3
Foam Concrete Specimen Sections 
All Images at 1x Magnification











Figure 6.17.1b Foam concrete specimen sections at 2x magnification.
202
1.5 2 2.5 3
Foam Concrete Specimen Sections 
All Images at 2x Magnification











Figure 6.17.1c Foam concrete specimen sections at 4x magnification.
204
1.5 2 2.5 3
Foam Concrete Specimen Sections 
All Images at 4x Magnification











Figure 6.17.1d Foam concrete specimen sections at 8x magnification.
206
1.5 2 2.5 3
Foam Concrete Specimen Sections 
All Images at 8x Magnification
0 21 4 6 mm
207
Slag photograph (a), scan (b), threshold of 108 (c), watershed (d), and outline (e).
Photograph at 4x magnification; scan and manipulations at 8x magnification.
Portland cement photograph (a), scan (b), threshold of 108 (c), watershed (d), and outline (e).
Photograph at 4x magnification; scan and manipulations at 8x magnification.
Silica fume photograph (a), scan (b), threshold of 108 (c), watershed (d), and outline (e).























































Figure 6.17.2d Cumulative area of air-void system vs. air-void diameter, 
for mixes with 0:1 filler-binder ratios.






















































































































Figure 7.1b For dense foam concrete mixes, 
workability increases with foam volume:
the aqueous surfactant increases the amount of water in the mix,
and air bubbles act as spherical ‘ball-bearings’.
For low-density mixes, 
workability decreases with added foam volume:
hydrophilic foam adsorbs layers of water,
and slump flow decreases with reduced self-weight.
3:1 filler-binder ratio, 0% foam (base mix) 3:1 filler-binder ratio, 7% foam by volume 3:1 filler-binder ratio, 15% foam by volume
Plastic Density (kg/m3)
















































































































































































































































































































































































































































































































































































































































































0.35 0.750.550.450.40 0.65 0.700.600.50 0.80
Tolerance to Varying w/b Ratio
Portland Cement Binder, 0:1 Filler-Cement Ratio
Figure 7.1c 
Figure 7.1d 
Tolerance of neat cement foam concrete to varying water-binder ratios.  The hydrophilic outer 
surfaces of bubbles can adsorb layers of water of varying thickness, increasing tolerance to 
variation.  Refer also to Figures 6.1.1.1a to 6.1.1.4f.




molecules are oriented 
with hydrophilic heads 







Fine particles with 
low surface energy, 
such as carbon 
black, can insert 
themselves within 
the hydrophobic 
portion of a 
surfactant film.
Air Bubble “B” (Unstable)
Negative surface charges on cement 




Aninoic groups on superplasticizer 






















































































































































































Time (t+1 days) Time (t+1 days)
Figure 7.2c 
Figure 7.2a Figure 7.2b 
Figure 7.2d 
Differences in drying shrinkage patterns may be attributed in part to differences in pore size 
distribution, which can be influenced by cementitious blend (Figure 7.2a) or curing regime 
(Figure 7.2b).
Only large pores are engaged 
in capillary tension at high RH.  
Portland cement mixes have a larger 
proportion of large capillaries than 
slag mixes, and experience greater 
shrinkage.
Internal RH remains higher, longer, 
in more saturated specimens (lower 
graphic), delaying shrinkage.




Disjoining pressures keep (or force) 
proximate solid surfaces apart 
during long periods of curing in high 
RH (lower graphic).
Small pores are engaged in capillary 
tension at lower RH.  The high 
shrinkage strain in slag mixes may 
be due in part to the accumuated 
capillary tension induced by many 
fine pores.
At low RH, disjoining pressures are 
relieved and surfaces draw close.  
Total shrinkage strain is greater 
for specimens with longer curing 
regimes.
Duration of curing in high humidity may affect drying shrinkage patterns by inducing swelling 
of the C-S-H at areas of hindered absorption during hydration.  
Influence of Cementitious Blend
410kg/m3 c.d., 28-Day Curing, 0:1 Filler-Binder 410kg/m3 cem. dens., 50% Slag, 0:1 Filler-Binder



















































































































































Figure 7.3.1a Figure 7.3.1b Figure 7.3.1c Figure 7.3.1d
Figure 7.3b Figure 7.3c 
Mechanical properties of a porous solid are partially dependent on cross-sectional area available to transmit load.  
Just as average cross-sectional area increases at an increasing rate with increasing density (Figure 7.3a), so 
modulus of elasticity, compressive strength, and other properties follow similar trends (Figures 7.3b and 7.3c).
Low density mix, 
with surfactant films 
remaining intact during 
solidification.  Nodes 
account for a significant 
volume of the total paste, 
affecting fixity of struts.
Low density mix, with 
film ruptured during 
solidification.  Strut 
surface area is reduced, 
tending towards a 
circular cross-section.
Thickened cells wall 
provide increased shear 
and axial resistance 
in the compression 
direction.
As density increases, 
the porous material 
behaves less like a 
foam (i.e. a system of 
framing members and 
membranes), and more 
like a solid with many 
flaws.









































































Area vs. density. Strength vs. density. MOE vs. density.
MOE vs. porosity, 56 days moist-cured.





































































Modulus of Elasticity  
Varying Cementitious Blend, Moist-Cured for 28 Days
Modulus of Elasticity 
Varying Cementitious Density, Moist-Cured for 28 Days
Dry Density (kg/m3)
0 1200 20001600800400 2400
Dry Density (kg/m3)













































kg/m3  cem. dens. 
100% Portland cement







Modulus of elasticity vs. dry density, 28 days moist-cured.  Varying cementitious blend.




































100% Portland Cement Binder Mixes
Effects of Cyclical Loading on MOE
100% Portland Cement Binder Mixes
Figure 7.3.2d
Figure 7.3.2e
0.04 0.04 0.04 0.040.02 0.02 0.02 0.020.06 0.06 0.06 0.06









































































































































Stress-strain relationships for Portland cement specimens, varying filler-binder ratio.




































field at slender strut
Mode of fracture 
at slender strut
Compressive stress 
field at spherical void
Mode of fracture 
at spherical void
Vertical fracture surface was 
highly planar
for 710kg/m3 cem. dens.,
0:1 filler-binder ratio mix.
4x magnification
Horizontal fracture surface 
was filled with debris 
for 410kg/m3 cem. dens.,
0:1 filler-binder ratio mix.
4x magnification
Diagonal fracture surface was 
highly irregular
for 410kg/m3 cem. dens.,
3:1 filler-binder ratio mix.
4x magnification
Compressive stress field 
at aggregate inclusion
Mode of fracture 
at aggregate inclusion
Images of fractured surfaces, at 4x magnification.  
Note that specimens were fractured in tension to avoid crushing cell walls.
 three internal condtions: slender strut, spherical void, and aggregate inclusion 
(Figures 7.3.2a to 7.3.2c, respectively).
























































































































Neat cement foam concrete, 410 kg/m3 c.d., 100% Portland cement binder
Neat cement foam concrete, 710 kg/m3 c.d., 100% Portland cement binder





Figure 7.3.3nFigure 7.3.3m Figure 7.3.3o
Figure 7.3.3rFigure 7.3.3qFigure 7.3.3p







































Figure 7.3.4a  
In dense foam concrete, fragments push 
apart at points of contact, reducing 






















*410 kg/m3 cem. dens.




















































Crushing and Frictional Restraint
100% Portland binder, 56 days moist-cured
Weak strata collapse and densify in neat foam 
concrete of low density.  The damage zone 
increases indefinitely with displacement.
Neat foam concrete with high density 
fractures as columnar fragments, which 
buckle readily. Frictional restraint is minimal.
At medium densities, fractured surfaces 
‘catch’ and conform at points of contact, 





































































































Moist-Cured for 28 Days
Plastic Density (kg/m3)
























Microstructural images for mixes with no filler.  Variability within microstructures account for 









Foam Concrete Specimen Sections 
Images at 8x Magnification
0 21 4 6 mm


































Relationship of Axial Strain to Transverse Strain










(B) Finite element at horizontal interface. Paste and aggregate 
experience the same vertical compressive force.  Despite varying 
Poisson’s ratios, the two materials undergo the same transverse 
strain, due to internal restraint at the bond.
Lateral expansion of the paste is restrained by the aggregate.  The 
restraining force in the paste is designated ‘Rp’.
(A) Finite element at vertical interface.  Despite varying elastic 
moduli, paste and aggregate undergo the same axial strain, with 
the stiff aggregate carrying proportionally more load (Pa).  
The introduction of stiff aggregate reduces the load on the 
adjacent paste.  Axial strain in the paste is therefore reduced; 
and transverse strain is reduced proportionally, according to the 
Poisson’s ratio of the paste.
Figure 7.3.5c
400 400 400 400200 200 200 200










































Effect of aggregate inclusions on Poisson’s ratio.







































































































































Specific creep strain of foam concrete specimens, not including strain induced immediately 
after loading.
The creep behaviour of foam concrete is influenced by the buckling of thin struts.  Deflection 
of struts will initially be sinusoidal (A), but non-linear creep will tend to concentrate 
curvature near the mid-point (B), reducing load-bearing capacity and promoting buckling.   





















kg/m3  nom. dens. 
Portland cement, 0.2 f ’c
Portland cement, 0.4 f ’c
12% Silica Fume, 0.4 f ’c
Portland cement , 0.4 f ’c
50% GGBS, 0.4 f ’c
Legend
600







































Log time (t+1 days)
1 10010 1000










































Creep strain of 600 and 1400 kg/m3 Portland cement foam concrete mixes, loaded to 0.4 f ’c.
Finite elements at (A) horizontal and (B) vertical paste-aggregate interfaces.  The stiff 
aggregate resists the viscous flow the C-S-H paste, inducing restraining forces, Rp.
Change in mass of 600 and 1400 kg/m3 Portland cement foam concrete mixes during 
drying in 50% RH.  The lower permeability of denser mixes promotes more stable internal 




Period of obvious mass gain.





1400 kg/m3  nom. dens.


















H!O+ CO! → H!CO!	
H!CO! + Ca OH ! → Ca(HCO!)!	(soluble)	




































































Specific creep strain plotted against time for 600 kg/m3 Portland cement foam concrete with 
applied loads of 0.2 and 0.4 f ’c.
Creep strain plotted against stress-strength ratio, for various loading times of 600 kg/m3 
nominal density Portland cement specimens.  The relationship between creep applied stress 
was approximately linear for short times, but was non-linear for long times.
1 Year
4 Months
A period of apparent acceleration in 
creep on a semi-log plot coincides 
with increased mass gain (see 
Figure 7.3.6e).  Carbonation may 
account for both trends.
28 Days
7 Days
kg/m3  nom. dens. 
PC, 0.2 f ’c


















































(constant for all 
specimens)
Magnitude of  
expansive strain 
(suppressed in all 
loaded specimens)
Calculations of basic 
creep for loaded 
specimens do not 
account for the 
expansive strain of 
tensile cracking in 
unloaded specimens, 
resulting in apparent 
non-linearity.
Creep @ 0.2 f ’c
Creep @ 0.2 f ’c
0.2
0.2
Apparent reference for 
calculating basic creep
Reference for calculating 
basic creep
Initial length of specimens





Diagram of first proposed explanation for non-linear creep behaviour in foam concrete.  An 
expansive strain is present in unloaded companion specimens, due to tensile shrinkage 
cracking, but this strain is suppressed in loaded specimens.   Calculations of basic creep 
for loaded specimens do not account for the expansive strain, resulting in apparent non-
linearity (heavy line).  This hypothesis may contribute to non-linearity, but does not fully 
explain the trends observed.
Diagram of second proposed explanation for non-linear creep behaviour.  Modest 
compression (e.g. 0.2 f ’c) is sufficient to cause instabilities in low-density foam concrete, 
since the geometry of fine microstructures will tend to generate highly stressed regions 
in bending.  Since C-S-H creep is non-linear in the high-stress range, thin-walled cellular 
geometries can facilitate long-term damage and deformation that is disproportionate to the 
stress applied.
Creep @ 0.4 f ’c

























































































Process of cell wall creep buckling: (A) a cell wall has an initial defect which induces bending 
under load; (B) the curvature is increasingly concentrated at the midspan, due to non-linear 
creep of the solid material at this highly stressed site; and (C) deflection will increase until 
catastrophic buckling.  After Gibson and Ashby (1999) 127.
Photographic images of thin cell walls in 600kg/m3 neat cement foam concrete, 8x 
magnification.  Creep buckling mechanics suggest that any microstructural element capable 
of buckling elastically will ultimately fail in creep buckling, even from the smallest of loads, 
provided the load is applied for a sufficiently long time
Time-to-buckling varies with slenderness.  (A) At early creep times, creep buckling is 
dominated by failure of slender struts and walls: applied stress is high relative to the elastic 
buckling stress.  (B) At later times, creep buckling is dominated by remaining, thicker struts 
and walls: applied stress is small relative to the elastic buckling stress, i.e. σ/ σel → 0.
Early creep
Slender walls
σ/ σel → 1
Late creep
Thick walls
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Creep strain plotted against specific time (time multiplied by stress) for 600 kg/m3 Portland 
cement foam concrete with applied loads of 0.2 and 0.4 f ’c.
Creep strain plotted against time for 600 kg/m3 Portland cement foam concrete with applied 
loads of 0.2 and 0.4 f ’c.
Change in mass plotted against time for 600 kg/m3 Portland cement foam concrete.
Period of obvious mass gain.
Period of apparently high creep rate.
kg/m3  nom. dens. 
PC, 0.2 f ’c
PC, 0.4 f ’c
Legend
600
kg/m3  nom. dens. 
PC, 0.2 f ’c




























































































Specific creep strain for 1400 kg/m3 Portland cement and silica fume mixes.
Change in mass of 1400 kg/m3 Portland cement and silica fume mixes.






































































































Figure 7.3.6s Specific creep strain for 1400 kg/m3 Portland cement, silica fume, and slag mixes.  
Figure 7.3.6t Change in mass of 1400 kg/m3 Portland cement, silica fume, and slag mixes.  

































































































Storage in 50% RH Environment
Specimen initially conditioned to 50% RH.  
All available surface exposed to 50% RH.
Internal RH decreases as water vapour is 
chemically bonded to anhydrous cement in the 
specimen.  New moisture from the environment 
diffuses into the specimen to maintain 
equilibrium.  Mass increases at a slow rate.
See also Figure 6.11i.
Exposure to 80% RH
Specimen initially conditioned to 50% RH.  
All available surface exposed to 80% RH.
High RH air progresses through the highly 
permeable material.  Water adsorbs on 
available internal surface area.
See also Figure 6.12c.
Exposure to 90% RH
Specimen initially conditioned to 50% RH.  
All available surface exposed to 90% RH.
Moisture adsorbs on available internal surfaces. 
Vapour condenses in small diameter capillaries 
near the exposed surface of the material.  
Interior air is ‘trapped’.  Interior air can only 
evacuate the specimen via diffision through 
capillary condensation water (A). 










Figure 7.3.7d Immersion in Liquid Water 
Specimen initially conditioned to 50% RH.  
All available surface exposed to liquid water.
Water is drawn into the specimen under 
strong capillary suction.  Before the air voids 
can fill (A), they are surrounded by saturated 
capillaries.  Interior air is ‘trapped’.  Pneumatic 
pressure limits further ingress of water.  
Interior air can only evacuate the specimen via 
diffision through saturated capillary paths (B).
Like air voids, ‘dead-end’ capillaries may also 
remain filled with trapped air (C).




































Partial Immersion in Liquid Water 
Specimen initially conditioned to 50% RH.  
One surface exposed to liquid water; one surface 
exposed to air.
Most air voids are surrounded by saturated 
capillaries, and act as obstructions to capillary 
flow (A). Paths of interconnected air voids 
(e.g. along shrinkage cracks) will participate in 
capillary suction (B).
See also Figure 6.14i.
Vacuum Saturation
Specimen dried, then vacuum saturated.
All spaces accessible to vaccuum are filled, 
including air voids and ‘dead-end’ capillaries.  
It is possible that discrete capillaries would 
remain inaccessible (A).







Figure 7.3.7g ‘Wet Cup’ 
Specimen with exposed to high RH on one side, 
and low RH on opposite side
Water transport would tend to be rapid in a wet 
cup scenario, since drier air may diffuse readily 
out of the dry side of the specimen (cf. Figures 
7.3.7b and 7.3.7c).  Capillary condensation 
could also contribute to the advancement of 
moisture in the specimen via wicking, readily 
displacing internal air (A).





































Figure 7.3.8a Long-term Exposure to Liquid Water 
Specimens initially conditioned to 50% RH, then 
exposed to liquid water, for a long period.
Over a long period, air within air voids 
evacuates the specimen via diffusion through 
saturated capillary paths, driven by hydraulic 
and capillary pressures.  Water will eventually 
fill the air-voids closest to the specimen surface 
(A), while more interior air voids may remain 
drier for a longer time (B).  




(Refer to Figure 6.14i.)
liquid water
Freezing of Specimen after 
Long-term Exposure to Liquid Water 
Specimen initially conditioned to 50% RH.  
All available surfaces exposed to liquid water.
Specimen exposed to freezing temperatures.
Ice crystals form in the saturated air voids 
near the specimen surface (A).  Supercooled 
liquid from surrounding capillaries migrates 
to the low-energy frozen sites (red arrows), 
contributing to tensile hoop stresses in the 
air-void wall (black arrows).   Interior regions 
may remain undamaged, since drier interior air 
voids have sufficient room for accumulation of 
moisture upon freezing (B).
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Preliminary Graphic Reference for Mix Design8.1
Thermal Resistivity
Dry Density (kg/m3)
0 1200 20001600800400 2400
Dry Density (kg/m3)
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12% SF, 410 c.d.
100% PC, 410 c.d.
100% PC, 510 c.d.
Legend
*Refer to Figure 6.13a 
for Metric Units
Drying shrinkage can 
be improved slightly 
via curing regime.  
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Control of mix ingredient and proportions  (additions) ○
Control of mix ingredient and proportions  (subtractions) ●
Control of curing or placing environment □
Controls which are not recommended ✕
Relevant Figures 6.1a










Increase for walkability, 
safety of public
Decrease for ease of 
future excavation
Increase for constricted 
void-filling applications
Decrease for large and 
constricted void-filling
○ increase volume of filler 6.6.1.1a
○ increase cementitious density 6.6.1.1a
○ increase proportion of slag or silica fume 6.6.1.1a
□ increase curing age (SCM mixes) 6.6.4a to 6.6.4f
○ decrease filler, increase cementitious as required 6.6.1.1a
○ use FCA Appendix E
○ increase volume of filler 6.6.4a to 6.6.4f
○ increase cementitious density 6.6.4a to 6.6.4f
○ increase proportion of silica fume 6.6.4a to 6.6.4f
● reduce proportion of slag 6.6.4a to 6.6.4f
● decrease cementitious density 6.6.4a to 6.6.4f
○ increase proportion of slag 6.6.4a to 6.6.4f
● reduce density, cementitious density 6.6.1.1a
● reduce SCMs 6.6.1.1a
○ increase cementitious density 6.2b
○ increase water content 6.2b
✕ avoid use of superplasticizers Appendix P
Void Filling
Void Filling
The protocol below presents design consideration and controls for foam concrete 
geotechnical fill.  Note that not all parameters listed will be relevant for all applications.
Possible applications for foam concrete geotechnical fill include the following:
Non-settling fill, cohesive fill, buoyant fill, emergency void-filling, soil stabilization, 
soil replacement, road sub-base, concrete blinding, annular grouting, bridge 
abutments, fill for spandrels of masonry arch bridges, bulk fill for mines or subways, 
backfill of redundant sewers or tanks, air-tight grouting of coal mines, containment of 
hazardous waste.  (Refer to Appendix A, Section 8.1)
Detailed Protocol for Foam Concrete Mix Design8.2
Modulus of elasticity Increase ○ increase cementitious density 6.7b, 6.7c
○ increase use of SCMs  6.7b, 6.7c
Note: Use of slag SCM provides 
a high stiffness-to-strength ratio 6.7i
Figure 8.2a
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Increase to suit 
application
Moisture movement
Decrease damage due to 
cyclical wetting/drying
Decrease strain induced 
by changing MC
Decrease risk of damage
Decrease risk of damage
○ increase volume of filler 6.13a
□ reduce length of curing in high RH untested, cf. 6.11e
□ maintain constant RH environment 6.13d
● reduce volume of filler (density) 6.6.1.1a
● eliminate SCMs 6.6.1.1a
● reduce density A-6.3.5b
□ control movement of sulphates in environment A-6.3.5b
○ increase density  6.16.1m
○ increase proportion of silica fume 6.16.1m
● reduce proportion of slag 6.16.1m
□ provide drainage for surrounding water cf. A-6.3.3c
Sulphate attack
Freeze-thaw
Creep ○ increase density, volume of filler 6.10aDecrease to avoid 
subsidence
Drying shrinkage Decrease to minimize 
subsidence, mechanical 
damage due to cracking
○ increase cementitious density 6.11c
○ increase volume of filler 6.11d
○ incorporate fibre reinforcing A-6.3.2b
● reduce proportion of SCMs 6.11n to 6.11p
● reduce water-binder ratio untested
□ reduce length of curing time in high RH 6.11e to 6.11h
□ maintain high RH environment 6.11k
Decrease to 
reduce risk of uplift
○ increase density, with use of filler if necessary 6.6.1.2a
○ use wet foam to increase permeability cf. 6.14a, A-6.3.1b
□ provide drainage for surrounding groundwater cf. A-6.3.3c 
□ anchor or add load to resist uplift 6.6.1.2a
Bouyancy of 
hardened material
Poisson’s Ratio Decrease to suit 
application
○ increase volume of filler 6.8c
● reduce volume of filler 6.8c
Heat of hydration
Thermal resistivity
○ increase proportion of slag cf. A-6.2.2, 6.6.4
○ increase density (thermal conductivity) 6.15a 
□ reduce temperature of mix ingredients cf. A-6.2.2
Decrease, avoid thermal 
strain in mass pours
Increase if required for 
application
● reduce density 6.15a 
□ protect from moisture ingress cf. A-6.3.4a
Mass Pour
Cost Decrease ● reduce cementitious density (increase filler) A-5.1.1
● eliminate silica fume A-5.1.1
○ increase proportion of slag (market-dependent) A-5.1.1
Control of mix ingredient and proportions  (additions) ○
Control of mix ingredient and proportions  (subtractions) ●
Control of curing or placing environment □
Controls which are not recommended ✕
Relevant Figures 6.1a




Backfill for linear utilities
Increase for 
anticipated loading
Increase for walkability, 
safety of public
Decrease for ease of 
future excavation
Decrease, avoid damage 
by hydrostatic pressure
Decrease to reduce 
bouyant force on pipes 
during placement
○ increase volume of filler 6.6.1.1a
○ increase cementitious density 6.6.1.1a
○ increase proportion of slag or silica fume 6.6.1.1a
□ increase curing age (SCM mixes) 6.6.4a to 6.6.4f
○ use FCA Appendix E
○ increase volume of filler 6.6.4a to 6.6.4f
○ increase cementitious density 6.6.4a to 6.6.4f
○ increase proportion of silica fume 6.6.4a to 6.6.4f
● reduce proportion of slag 6.6.4a to 6.6.4f
● reduce density, cementitious density 6.6.1.1a
● reduce SCMs 6.6.1.1a
○ increase density, with use of filler if necessary 6.6.1.2a
○ use wet foam to increase permeability cf. 6.14a, A-6.3.1b
□ provide drainage for surrounding groundwater cf. A-6.3.3c
○ use FCA Appendix E
● reduce (plastic) density 6.6.1.1a





Backfill for linear utilities is a special case of geotechnical fill.  A distinct set of 
considerations is necessitated by fragile or buoyant utilities, length of the pour, proximity 
to the public, etc.
This protocol may be appropriate for the following foam concrete applications:
Trench reinstatement, bedding material to absorb stresses for differential movement 
or settlement, insulation and support for pipelines installed over permafrost, support 
for existing pipes.  (Refer to Appendix A, Section 8.1)
Modulus of elasticity Decrease to minimize 
local stress on utilities
● reduce cementitious density 6.7b, 6.7c
● reduce SCMs  6.7b, 6.7c
Figure 8.2b
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Cost Decrease ● reduce cementitious density A-5.1.1
● eliminate silica fume A-5.1.1
○ increase proportion of slag (market-dependent) A-5.1.1
Moisture movement
Decrease damage due to 
cyclical wetting/drying
Decrease strain induced 
by changing MC
Decrease risk of damage
Decrease risk of damage
○ increase volume of filler 6.13a
□ reduce length of curing in high RH untested, cf. 6.11e
□ maintain constant RH environment 6.13d
● reduce volume of filler (density) 6.6.1.1a
● eliminate SCMs 6.6.1.1a
○ increase density  6.16.1m
○ increase proportion of silica fume 6.16.1m
● reduce proportion of slag 6.16.1m




Decrease to minimize 
subsidence under load
● eliminate slag, if present 6.10a
○ increase volume of filler 6.10a
□ maintain high RH environment cf. 6.10a, 6.10g
● reduce density, volume of filler 6.10a
Crushing behaviour Increase compliance 
to acomodate local 
movement, preserve 
strength after fracture
Increase to accomodate 
local movement
● reduce proportion of SCMs 6.9
● reduce density 6.9
Drying shrinkage Decrease to minimize 
subsidence
○ increase cementitious density 6.11c
○ increase volume of fine inert filler* untested, cf. 6.11d
● reduce proportion of SCMs 6.11n to 6.11p
● reduce water-binder ratio untested
□ reduce length of curing time in high RH 6.11e to 6.11h
□ maintain high RH environment 6.11k
● reduce density A-6.3.5b
□ control movement of sulphates in environment A-6.3.5b
Thermal resistivity Increase if required for 
application
● reduce density 6.15a 
□ protect from moisture ingress cf. A-6.3.4a
Control of mix ingredient and proportions  (additions) ○
Control of mix ingredient and proportions  (subtractions) ●
Control of curing or placing environment □
Controls which are not recommended ✕
Relevant Figures 6.1a
Relevant notes from the Appendices A-6.1
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Profiling for floors or roofs
With high worakability and low density, foam concrete may be suitable for use in 
overpour applications.  Finished surfaces may be horizontal or slightly sloped, as 
required.  Foam concrete provides thermal resistance to control heat flow through 
enclosure assemblies, or under heated slabs.  
This protocol may be appropriate for the following foam concrete applications:
Floor leveling, insulating layer below heated slabs, slopes for flat roofs.  
(Refer to Appendix A, Section 8.1.)
Drying shrinkage Decrease for 
compatibility with 
substrate, avoid cracking
○ increase cementitious density 6.11c
○ increase volume of filler 6.11d
○ incorporate fibre reinforcing A-6.3.2b
● reduce proportion of SCMs 6.11n to 6.11p
● reduce water-binder ratio untested






○ increase volume of filler 6.6.1.1a
○ increase cementitious density 6.6.1.1a
○ increase proportion of slag or silica fume 6.6.1.1a
□ increase curing age (SCM mixes) 6.6.4a to 6.6.4f
□ install dense finishing screed or coverboard 6.6.1.1a
○ decrease filler, increase cementitious as required 6.6.1.1a
Spread flow
Stability
Decrease for ability to 
form slope
Resist segregation of 
water, paste, aggregate
○ increase volume of filler 6.2b
● reduce water content 6.2b
○ incorporate fibre reinforcing A-5.1.5
● maintain low water-binder ratio cf. 6.2b
□ avoid overworking A-7.2.1
□ seal substrate, avoid leakage of water 6.6.1.1a
Thermal resistivity Increase if required for 
application
● reduce density 6.15a 













○ increase volume of filler 6.6.4a to 6.6.4f
○ increase cementitious density 6.6.4a to 6.6.4f
○ increase proportion of silica fume 6.6.4a to 6.6.4f
● reduce proportion of slag 6.6.4a to 6.6.4f
● eliminate FCA, LWA A-7.2.1, Appendix E
● maintain low water-binder ratio cf. 6.2b
□ avoid overworking A-7.2.1
□ install dense finishing screed or coverboard 6.6.1.1a
○ increase density 6.6.1.1a
□ install dense finishing screed or coverboard 6.6.1.1a
● reduce cementitious density A-5.1.1
● eliminate silica fume A-5.1.1
○ increase proportion of slag (market-dependent) A-5.1.1
Control of mix ingredient and proportions  (additions) ○
Control of mix ingredient and proportions  (subtractions) ●
Control of curing or placing environment □
Controls which are not recommended ✕
Relevant Figures 6.1a






Increase for support of 
normal, non-impact loads
Crushing properties do 
not vary with age
Increase for preserving 
integrity of material 
during crushing
○ increase volume of filler 6.6.1.1a
○ increase cementitious density 6.6.1.1a
○ increase proportion of slag or silica fume 6.6.1.1a
□ increase curing age (SCM mixes) 6.6.4a to 6.6.4f
Note: Portland cement mixes appear  
to densify with increased age.   
Further investigation is necessary 6.11r
○ add fibre reinforcing cf. A-5.1.5, A-6.3.2b
Crushing behaviour Stress remains consistent 
during crushing
● reduce proportion of SCMs 6.9
● reduce density 6.9
Note: Study plots in Section 6.9  
to select mix design with desired 
crushing characteristics 6.9
Foam concrete can dissapate energy through crushing.  The protocol given below may be 
appropriate for the following impact-absorbing foam concrete applications:
Crash barriers, stopping pads, defensive structures, bullet traps, explosion prevention, 
protection of pipelines from rockfall, cribbing for seismically active mines, blast walls.  
(Refer to Appendix A, Section 8.1.)
Note that additonal design considerations are given for slab formats, materials exposed to 
the outdoors, and materials in contact with the ground.
Increase to suit 
application
Poisson’s Ratio Decrease to suit 
application
○ increase volume of filler 6.8c





Decrease to avoid change 
in mechanical behaviour 
due to cracking
Decrease
○ increase cementitious density 6.11c
○ increase volume of filler 6.11d
○ incorporate fibre reinforcing A-6.3.2b
● reduce proportion of SCMs 6.11n to 6.11p
● reduce water-binder ratio untested
□ reduce length of curing time in high RH 6.11e to 6.11h
□ maintain high RH environment 6.11k
● reduce cementitious density A-5.1.1
● eliminate silica fume A-5.1.1





Decrease, avoid damage 
by hydrostatic pressure
● reduce density, volume of filler 6.10a
○ increase density 6.6.1.2a
○ use wet foam to increase permeability cf. 6.14a, A-6.3.1b
□ provide drainage for surrounding groundwater cf. A-6.3.3c
Bouyancy of 
hardened material




material in contact 
with the ground
Decrease risk of damage ● reduce density cf. A-6.3.5b




material in outdoor 
environment
Moisture movement
Decrease damage due to 
cyclical wetting/drying
Decrease strain induced 
by changing MC
Decrease risk of damage
○ increase volume of filler 6.13a
□ reduce length of curing in high RH untested, cf. 6.11e
□ maintain constant RH environment 6.13d
● reduce volume of filler (density) 6.6.1.1a
● eliminate SCMs 6.6.1.1a
○ increase density  6.16.1m
○ increase proportion of silica fume 6.16.1m
● reduce proportion of slag 6.16.1m
□ provide drainage for surrounding water cf. A-6.3.3c
□ avoid use of de-icing salts 6.16.2b
□ provide drainage for surrounding water cf. A-6.3.3c
Freeze-thaw
Control of mix ingredient and proportions  (additions) ○
Control of mix ingredient and proportions  (subtractions) ●
Control of curing or placing environment □
Controls which are not recommended ✕
Relevant Figures 6.1a














○ increase volume of filler 6.6.1.1a
○ increase cementitious density 6.6.1.1a
○ increase proportion of slag or silica fume 6.6.1.1a
□ increase curing age (SCM mixes) 6.6.4a to 6.6.4f
● eliminate slag, if present 6.10a
○ increase volume of filler 6.10a
□ maintain high RH environment cf. 6.10a, 6.10g
○ increase cementitious density 6.11c
○ increase volume of filler 6.11d
○ incorporate fibre reinforcing A-6.3.2b
● reduce proportion of SCMs 6.11n to 6.11p
● reduce water-binder ratio untested
□ reduce length of curing time in high RH 6.11e to 6.11h
□ maintain high RH environment 6.11k
○ increase cementitious density 6.12f, A-6.3.5a
○ increase density 6.12b, A-6.3.5a
○ increase SCM (reduce permeability) 6.12b, A-6.3.5a
□ avoid use of steel reinforcing A-6.3.5a
□ increase RH to above 70% 6.12b, A-6.3.5a
□ decrease RH to below 50% 6.12g, A-6.3.5a
□ seal to resist ingress of moisture A-6.3.5a
Modulus of elasticity Increase ○ increase cementitious density 6.7b, 6.7c
○ reduce proportion of slag  6.7b, 6.7c
Foam concrete may be produced with sufficient strength for some structural applications. 
The mix design protocol given below provides guidance for the following uses:
Structural beams, structural slabs, walls, blocks, sandwich panels, precast elements.  
(Refer to Appendix A, Section 8.1.)
Note that additonal design considerations are given for structural lightweight elements 
exposed to the outdoors or placed in contact with the ground.









See notes listed under 
“Impact Absorbing 
Material,” above.
See notes listed under 
“Impact Absorbing 
Material,” above.
Increase for composite 





● reduce cementitious density A-5.1.1
● eliminate silica fume A-5.1.1
○ increase proportion of slag (market-dependent) A-5.1.1
○ increase density A-6.3.2e
○ incorporate coarse LWA A-6.3.2e
○ incorporate angular particles A-6.3.2e
□ modify locking patterns of reinforcement A-6.3.2e
○ increase volume of filler A-6.3.2f
○ increase angularity, coarseness of filler A-6.3.2f
○ incorporate coarse LWA A-6.3.2f
○ incorporate fibre reinforcing A-6.3.2f
○ increase cementitious density A-6.3.2b
○ increase angularity, coarseness of filler A-6.3.2b
○ increase proportion of SCMs (particle packing) A-6.3.2b
○ incorporate fibre reinforcing A-6.3.2b
Increase to suit 
application
Poisson’s Ratio Decrease to suit 
application
○ increase volume of filler 6.8c
● reduce volume of filler 6.8c
Additional 
considerations for 




material in contact 
with the ground
○ increase volume of filler 6.6.4a to 6.6.4f
○ increase cementitious density 6.6.4a to 6.6.4f
○ increase proportion of silica fume 6.6.4a to 6.6.4f
● reduce proportion of slag 6.6.4a to 6.6.4f
○ incorporate chemical accelerators A-6.2.1
□ raise ambient temperature A-6.2.1



































Screenshot of user interface for application, showing available parameters and controls.
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Figure 8.4a Diagnostic diagram for issues encountered during placing.
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Finishability
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Issues with hardened product
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Quantity	of	binder	 ±0.5%	 ±5	kg/m3	 ±10	kg/m3	 If	variance	is	suspected,	consult	
figures	in	Appendix	S	to	estimate	
impact	on	mix	properties.	














Slag	 ±0.01	 ±0.02	 ±0.02	
SF	 ±0.01	 ±0.02	 ±0.02	








































































































































































































































































































































































































































































































































































































































































































































































































































































































Dry	Density	 §5.2	 • It	is	recommended	to	determine	dry	density	at	
50%	RH	and	25°C,	conditioned	until	constant	
mass.			




























































Moisture	storage		 §5.5.2	 • Express	moisture	content	in	absolute	terms	(e.g.	
kg/m3)	
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Concrete as a composite of paste and aggregate.  



















































































































































































































































































































































































































































































































































































































































































































2𝐴𝐴𝐴𝐴 + 2𝐶𝐶𝐶𝐶(𝑂𝑂𝑂𝑂)! + 6𝐻𝐻!𝑂𝑂 → 3𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝐴𝐴𝐴𝐴!𝑂𝑂! ∙ 6𝐻𝐻!𝑂𝑂 + 3𝐻𝐻!	
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































more important for 
strength, permeability
Capillary voids






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































	 Sand	Mixes:	 	 	 𝐸𝐸 = 0.42𝑓𝑓!!.!"	




























Static elasticity modulus vs. compressive strength for various mixes.



























0 402010 30 50 60
Normal Density Concrete
Foam Concrete, Sand Filler
Foam Concrete, Fly-Ash Filler





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Strategies for introducing void in concrete.
























































































































































Aerated Autoclaved Concrete: 
Density vs. Compressive Strength
Density (kg/m3)






























































Lightweight Aggregate Concrete: 
Density vs. Compressive Strength
Density (kg/m3)





























































Density vs. Compressive Strength
Density (kg/m3)





















































53	 ACI 213-03 Section 2.3.6		
54	 ACI	213-03	Section	3.2.1.2	
55	 ACI 213-03 Section 2.3.4.1		
56	 ACI	213-03	Section	3.2.1.5	




Foam Glass and Fired Clay: 
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For more detail, refer to extended legend on facing page.
Legend
Various Materials: 


























































































Lightweight Aggregate Concrete 
No-Fines Concrete
For more detail, refer to extended legend on facing page.
Various Materials: 
Density vs. Cementitious Density
Density (kg/m3)















































































































































































































Density vs. Drying Shrinkage
Legend
Density (kg/m3)
















































































































Density vs. Thermal Conductivity
Legend
Density (kg/m3)




























































Aerated Autoclaved Concrete: 
Density vs. Thermal Conductivity
Legend
Density (kg/m3)

















































































Lightweight Aggregate Concrete: 
Density vs. Thermal Conductivity
Legend
Density (kg/m3)

























































Density vs. Thermal Conductivity
Legend
Density (kg/m3)

























































Foam Glass and Fired Clay: 
Density vs. Thermal Conductivity
Legend
Density (kg/m3)



























































































































































































































































































































Year(s)	 Project	 Location	 Type	 Foam	Concrete	
Volume		(m3)	
1986	 Fill	for	Harbour	 Netherlands	 Lightweight	fill	for	large	scale	
harbor	fill	89	
19,500	90	








































































































































































Reference	 Fly	ash*	 Slag	 Silica	Fume	


















































































































































Map of Portland Cement Plants
(Sources of Portland Cement) 













Map of Coal-Fired Power Plants
(Sources of Fly-Ash) 
in Canada and the United States
588
Map of Ferrosilicone Smelting Plants 
(Sources of Silica Fume) 







Map of Ironmaking Plants 
(Sources of Blast Furnace Slag) 








of Cementitious Material Sources
in Canada and the United States
591
Detail of Composite Map 
of Cementitious Material Sources
in Canada and the United States, 











































































































































































2	 Narayanan	and	Ramamurthy	(2012)	144	2	 	 	 t 	( )	 	
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FCA in no-fines mix.
FCA in foam concrete matrix.


























































































Particle size distribution of FCA crushed after 7 days of curing.
Particle size distribution of FCA crushed after 3 days of curing.




































































































9.5	 0.0	 0.0%	 100.0%	
	
100%	 100%	
4.75	 10.3	 0.9%	 99.1%	
	
95%	 100%	
2.36	 137.9	 12.1%	 87.9%	
	
80%	 100%	
1.18	 400.0	 35.2%	 64.8%	
	
50%	 85%	
0.6	 707.6	 62.2%	 37.8%	
	
25%	 60%	
0.3	 966.2	 85.0%	 15.0%	
	
10%2	 30%	
0.15	 1062.2	 93.4%	 6.6%	
	
0%	 10%	
0.075	 1114.1	 98.0%	 2.0%	
	
0%	 3%	























































































































































0:1	 1:1	 2:1	 3:1	
		
0.45	 0.56	 0.54	 0.51	 0.49	
0.50	 0.61	 0.58	 0.56	 0.53	
0.55	 0.66	 0.63	 0.61	 0.58	
0.60	 0.70	 0.68	 0.65	 0.63	
0.65	 0.75	 0.72	 0.70	 0.67	
0.70	 0.80	 0.77	 0.74	 0.72	











































































































Coefficient of variation among volume measurements for a variety of specimens.  
Results are typical.

































𝑏𝑏 ∙ 𝑏𝑏 − (𝑏𝑏 ∙ 0.2) 	
	
      =
𝑤𝑤











































































𝑀𝑀!"#$ = 𝜌𝜌!"#$ ∙
𝑉𝑉!"#$ ∙ 𝑆𝑆𝐺𝐺!"#$







𝑀𝑀!"#$ ≈ 𝜌𝜌!!"# ∙
𝑉𝑉!"#$ ∙ 𝑆𝑆𝐺𝐺!"#$
𝑉𝑉!"#$%  ∙ 𝑆𝑆𝐺𝐺!"#$%
	










































































Moisture storage in 50% RH
Moisture storage in 80% RH
40% of free water assumed to be retained in-service, 
for theoretical dry density calculations


















































Moisture storage of specimens in 50% and 80% RH, expressed as a percentage of mix free water.









































































Creep apparatus to be
maintained in conditioned
environment of 23 ± 2 °C,









































































Non-linear CWU of neat Portland cement specimen, after conditioning at 50°C for three days.  


























Aw,24 = 0.026 mm/√sAw,4 = 0.036 mm/√s
CWU for neat cement f.c.
water abs. coeff. per ISO 15148



































Saline solution, 6mm depth
Sealant between foam 
concrete panel and 
softwood dyke
Foam concrete panel, 





Sealant between foam 
concrete panel and 
softwood dyke
Foam concrete panel
Saline solution, 6mm depth
Wooden spacers to 






Isometric drawing of foam concrete panel with softwood dyke and surround.
Section through foam concrete panel with softwood dyke and 



































































Number of Freeze-Thaw Cycles





























Loss of mass due to saline freeze-thaw scaling.  Refer also to Figure 6.16.2a.
Average loss of depth due to saline freeze-thaw scaling. Refer also to Figure 6.16.2b.
Typical limit for assessment of 
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Elevation




WEAR CAUSED BY ABRASION
OF PUMPABLE CONCRETE
TO BE MADE FROM MILD
STEEL EQUIVALENT TO THAT
USED FOR DELIVERY LINES
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Figure M.5.1 Isometric drawing of proposed toroid wheel.
Elevation of proposed toroid wheel.















7. Rotate wheel for
8 hour duration.
5. Wheel shall be 1/3
full of concrete per
marker guides.





3. Insert T-spool. 4. Rotate wheel
slowly.
2. Remove T-spool. 5. Rotate wheel for
5 minute duration
to rinse wheel.
4. Insert test spool.3. Fill wheel 1/3
full with water.
1. Rotate Wheel to
vertical position
and lock.




































(i.e., 1 through 6).
2. Lock wheel in
vertical position.















7. Rotate wheel for
8 hour duration.
5. Wheel shall be 1/3
full of concrete per
marker guides.





3. Insert T-spool. 4. Rotate wheel
slowly.
2. Remove T-spool. 5. Rotate wheel for
5 minute duration
to rinse wheel.
4. Insert test spool.3. Fill wheel 1/3
full with water.
1. Rotate Wheel to
vertical position
and lock.




































(i.e., 1 through 6).





























































































































Figure O.3 Figure O.4 
Cross-section of low-density sanded foam concrete 
prepared in laboratory setting, with good homogeneity.
Top of low-density sanded foam concrete prepared in a 









































Comparison of the cast surfaces of conventional (left) and superplasticizer (right) mixes.  
























































0.35 0.60 0.70 0.750.650.50 0.550.450.40
w/b = 0.45 w/b = 0.45
+ superplasticizer
w/b = 0.50 w/b = 0.55
Figure P.3
Figure P.2
Compressive strength vs. water-binder ratio.
Slump flow of neat cement mixes, with water-binder ratios and superplasticizer as indicated.
410 kg/m3 cem. dens.
510 kg/m3 cem. dens.
Legend
Superplasticizer mixes
410 kg/m3 cem. dens.
510 kg/m3 cem. dens.
Conventional mixes
410 kg/m3 cem. dens.








































































1400		 0.024	 ±5	kg/m3	 ±0.12	 5.2	 ±2.3%	
±10	kg/m3	 ±0.24	 ±4.6%	








































































Compressive strength vs. cementitious density, PC mixes, 1800 kg/m3 nominal density, 28 days.








































410	 PC	 0.0104	 ±10	kg/m3	 ±0.10	 3.3	 ±3.1%	
±20	kg/m3	 ±0.21	 ±6.2%	
SF	 0.0149	 ±10	kg/m3	 ±0.15	 5.8	 ±2.6%	
±20	kg/m3	 ±0.30	 ±5.2%	
Slag	 0.0119	 ±10	kg/m3	 ±0.12	 4.3	 ±2.8%	
±20	kg/m3	 ±0.24	 ±5.6%	
510	 PC	 0.0104	 ±10	kg/m3	 ±0.10	 5.0	 ±2.1%	
±20	kg/m3	 ±0.21	 ±4.1%	




























410	 PC	 0.0222	 ±10	kg/m3	 ±0.22	 7.6	 ±2.9%	
±20	kg/m3	 ±0.44	 ±5.8%	
SF	 0.0318	 ±10	kg/m3	 ±0.32	 11.9	 ±2.7%	
±20	kg/m3	 ±0.64	 ±5.3%	
Slag	 0.0276	 ±10	kg/m3	 ±0.28	 9.2	 ±3.0%	
±20	kg/m3	 ±0.55	 ±6.0%	
510	 PC	 0.0261	 ±10	kg/m3	 ±0.26	 7.7	 ±3.4%	
±20	kg/m3	 ±0.52	 ±6.8%	











































Density of Filler (kg/m3)
Compressive strength vs. filler density, 56 days moist-cured.






















































0:1	 PC	 0.0125	 ±25	kg/m3	 ±0.37	 1.42	 ±22.1%	
±50	kg/m3	 ±0.75	 ±44.1%	
SF	 0.0163	 ±10	kg/m3	 ±0.41	 2.67	 ±15.3%	
±20	kg/m3	 ±0.82	 ±30.5%	
2:1	 PC	 0.0398	 ±10	kg/m3	 ±1.00	 7.62	 ±13.1%	
±20	kg/m3	 ±1.99	 ±26.1%	










































Compressive strength vs. plastic density, 56 days moist-cured.
Linear trendlines are given for mix series with ratios of filler:cement:water held constant.
Slopes of trendlines are reported in Table S.5.2.
Filler : Binder ratio
12% Silica Fume
100% Portland cement






















Slag	 ±0.01	 ±0.02	 ±0.02	





































0.35 0.60 0.70 0.750.650.50 0.550.450.40
Figure S.4.1

















































square data points 




12% Silica Fume Replacement






























































0.35 0.750.550.450.40 0.65 0.700.600.50 0.80
w/b Ratio
0.35 0.750.550.450.40 0.65 0.700.600.50 0.80
w/b Ratio
0.35 0.750.550.450.40 0.65 0.700.600.50 0.80
w/b Ratio
0.35 0.750.550.450.40 0.65 0.700.600.50 0.80
Figure S.4.6 Figure S.4.7











0.35 0.750.550.450.40 0.65 0.700.600.50 0.80
Figure S.4.3
0:1 Filler-Binder Ratio















































































Cumulative	dev.	 ±8.8%	 ±22.1%	 ±44.1%	










Batching of low density foam concrete in the field.  Producing good quality, neat cement foam 
concrete to a specificiation is relatively uncomplicated: the material is highly homogenous 
(no aggregate), and foam volumes are high, permitting a large margin of error in adding foam 





































Cumulative	dev.	 ±7.5%	 ±19.1%	 ±39.6%	

















Probability distribution.  In this Figure, deviation from target compressive strength is due only 
to cumulative variability in quantity of binder and quantity of filler.  Plastic density is assumed 
to be on-target.  Cumulative deviation is low, highlighting the importance of tight tolerances on 
plastic density.  (Parameter variations are randomly, uniformly distributed per Table S.6.2.)
Probability distribution.  Deviation from target compressive strength is due to cumulative 
variability in quantity of binder, quantity of filler, and plastic density.  (Parameter variations 





























Percentage of Target Compressive Strength (%)





















Non-Critical Industry Applications 
Legend
Variance based on proposed 
tolerances given in Table S.6.2:
- Quantity of Filler
- Quantity of Binder
- (Plastic Density assumed on-target)
Research Applications
Critical Industry Applications
Non-Critical Industry Applications 
Legend
Variance based on proposed 
tolerances given in Table S.6.2:
- Quantity of Filler


























Dev.	at	1σ	(68%)	 ±1.8%	 ±4.6%	 ±9.0%	
Dev.	at	2σ	(95%)	 ±3.7%	 ±9.2%	 ±17.9%	
Dev.	at	3σ	(99.7%)	 ±5.5%	 ±13.8%	 ±26.9%	









Figure S.6c Probability distribution.  Deviation from target compressive strength is due to cumulative 
variability in quantity of binder, quantity of filler, and plastic density.  (Parameter variations 












Percentage of Target Compressive Strength (%)
60 1008070 90 120110 130 140
Research Applications
Critical Industry Applications
Non-Critical Industry Applications 
Legend
Variance based on proposed 
tolerances given in Table S.6.2:
- Quantity of Filler
- Quantity of Binder
- Plastic Density
Trial parameter values are randomly, 
normally distributed.
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T	
Supplementary	List	of	Topics		
for	Future	Research	
Two	research	areas	were	identified	in	Section	9.6	as	being	especially	critical	for	the	
continued	expansion	and	refinement	of	a	comprehensive	mix	design	framework	for	foam	
concrete;	namely:	a	large-scale	study	of	reinforcing	for	foam	concrete	(specifically	fibre	
reinforcing),	and	further	investigation	into	foam	concrete	aging.	
	 Other	possible	areas	of	foam	concrete	testing	have	been	raised	throughout	the	
research	program.		These	topics	are	documented	in	the	following	lists.	
	
New	types	or	combinations	of	ingredients:	
- use	surfactant	from	a	different	manufacturer1		
- use	silica	flour,	to	accelerate	curing	
- use	filler	with	a	fine	particle	size,	to	reduce	issues	of	segregation	in	low	density	
mixes.		Attempt	to	establish	a	relationship	between	mix	density	and	maximum	
allowable	filler	particle	size.		(Water	content	will	be	a	relevant	variable,	to	account	
for	the	increased	surface-area	to	volume	ratio	for	wetting	fine	particle	sizes)	
- use	ternary		cementitious	blends	
																																																								
1	 Cf.	Panesar	(2013)	
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- use	other	types	of	binders	
	
Water	demand:	
- floawability	of	mixes	with	appropriate	water-binder	ratios	may	be	evaluated	for	a	
variety	of	cementitious	blends	and	plastic	densities,	in	order	to	observe	whether	
there	is	a	correlation	between	optimal	water-binder	ratio	and	consistency	
- self-weight	of	foam	concrete	varies	significantly,	and	has	a	strong	influence	on	the	
results	of	gravity-dependent	flow	test	(refer	to	Section	7.1).		Other	methods	of	
evaluating	consistency	should	be	considered	and	analyzed	for	patterns	(e.g.	marsh	
cone)	
- intermediate	steps	in	water	content	should	be	tested,	for	more	precise	optimization	
of	water-binder	ratios,	especially	for	mixes	that	appeared	to	be	less	tolerant	to	
variations	in	water	content	such	as	low-density	slag	or	12%	silica	fume	mixes	
	
Mechanical	properties:	
- benchmark	tensile	strengths	of	mixes,	with	and	without	reinforcing	
- mechanical	properties	should	be	tested	on	specimens	conditioned	to	high	and	low	
internal	relative	humidities,	to	confirm	whether	contribution	of	loadbearing	water	
has	a	meaningful	influence.	
- cracking	in	the	bulk	may	affect	mechanical	properties.		Given	the	high	drying	
shrinkage	of	foam	concrete,	mechanical	properties	should	be	evaluated	for	
specimens	subjecting	to	varying	curing	and	drying	regimes	which	correspond	to	
actual	field	conditions.	
- quantify	capacity	for	impact	absorption	
- measure	Poisson’s	ratio	using	circumferential	extensometer,	rather	than	the	
diametral	extensometer	used	in	Section	5.4.3.		Measuring	dilation	circumferentially	
may	yield	more	representative	values	for	Poisson’s	ratios	by	flattening	local	effects	
and	reducing	scatter	
- determine	dynamic	moduli	of	elasticity	
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- mechanical	properties	of	dense	mixes	with	cementitious	densities	lower	than	410	
kg/m3	should	be	tested,	as	less	expensive	mixes	which	may	be	suitable	for	certain	
applications	
	
Creep:	
- study	effect	of	variations	in	water-binder	ratio	on	creep	
- study	effect	of	variations	in	water-binder	ratio	on	drying	shrinkage	
- study	effect	of	drying	environment	RH	on	creep	
	
Drying	shrinkage:	
- study	effect	of	variations	in	water-binder	ratio	on	drying	shrinkage	
- study	effect	of	drying	environment	RH	on	drying	shrinkage	
- study	effects	of	size	on	drying	shrinkage	
- study	effect	of	fine,	inert	filler	on	drying	shrinkage	(refer	to	Figure	8.2b)	
	
Moisture	storage:	
- determine	moisture	storage	of	foam	concrete	at	90%	RH	
- determine	moisture	storage	of	foam	concrete	from	95	to	~99%	RH,	using	pressure	
plate	apparatus	
	
Moisture	movement:	
- determine	actual	strain	induced	by	wetting,	rather	than	calculating	pressure	based	
on	strain	(refer	to	Figure	6.13b)	
- study	effect	of	variations	in	high	RH	curing	time	on	moisture	movement	
- study	effect	of	drying	environment	RH	on	drying	shrinkage	
	
Transport	properties:	
- consider	the	capacity	of	non-structural	coatings	to	suppress	capillary	water	uptake.		
Water	repellent	additives	may	also	be	tested	
- rates	of	moisture	ingress	given	in	Section	6.12	for	dry	specimens	in	80	and	90%	RH	
environments	indicate	that	water	vapour	decreases	with	increasing	moisture	
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content	of	the	paste,	possibly	due	to	a	sealing	effect.		This	effect	may	not	be	apparent	
when	conducting	typical	dry-cup	or	wet-cup	water	vapour	permeance	testing.2		
Water	vapour	permeance	may	be	undertaken	to	test	or	refine	the	transport	model	
proposed	in	Section	7.3.7	
	
Thermal	conductivity:		
- study	influence	of	moisture	content	on	thermal	conductivity	
	
Freeze-thaw	resistance:	
- test	mixes	with	nominal	densities	of	1000	and	1800	kg/m3	
- study	influence	of	cementitious	density	on	freeze-thaw	resistance	
- study	influence	of	fibre	reinforcing	on	freeze-thaw	resistance	
	
Freeze-thaw	salt	scaling:	
- saline	freeze-thaw	susceptibility	of	mixes	with	SCMs	may	be	tested.		Silica	fume	
mixes	are	of	particular	interest	due	to	reduced	permeability	and	high	strength.	
- patterns	of	saline	freeze-thaw	susceptibility	in	low-density	mixes	should	be	studied,	
to	assess	the	durability	of	low	density	foam	concrete	fill	exposed	to	de-icing	salts	
- correlations	between	permeability,	or	compressive	or	tensile	strength,	and	spalling,	
may	be	sought,	to	help	anticipate	saline	freeze-thaw	performance	from	mechanical	
properties	
	
Microstructural	analysis:	
- calibrate	results	from	Section	6.17.2	with	known	test	method	(for	example,	the	
RapidAir	457	automated	air	void	analysis	system	manufactured	by	Concrete	Experts	
International)	
- specimens	may	be	resin-impregnated;	then	cut	and	studied,	in	order	to	avoid	
problems	of	sand	particles	falling	out	or	eroding	the	surface	of	the	specimen	during	
cutting	of	the	samples	(refer	to	Section	6.17.2)	
																																																								
2	 Cf.	ASTM	E96/E96M–16	
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- interconnectivity	of	air	voids	may	be	quantified	with	in-plane	permeability	tests,	
such	as	ASTM	D4716.3	
- air-void	systems	may	be	more	thoroughly	characterized	with	the	help	of	X-ray	
computerized	tomography	(X-CT),	coupled	with	three-dimensional	image	
processing,	to	gain	precise	information	on	air-void	size	and	air	void	size	
distribution,	as	permitted	by	the	voxel	resolution	of	the	equipment.4			
- a	scanning	electron	microscope	may	be	used	to	study	patterns	of	foam	collapse	
during	curing	or	drying5	
- X-ray	diffraction	(XRD)	may	be	used	to	evaluate	the	mineral	phases	of	reaction	
products	of	various	foam	concrete	mixes,	and	may	also	evaluate	whether	C-S-H	
phases	have	deteriorated	due	to	carbonation	during	curing6		
- note	that	total	vacuum	saturation	methods	are	reported	to	provide	more	accurate	
measurements	of	porosity	than	apparent	or	mercury	intrusion	porosimetry	(MIP)	
methods,7	and	should	continue	to	be	used	to	calculate	total	porosity	for	foam	
concrete.	
	
Other	properties:	
- evaluate	resistance	to	fire	and	elevated	temperatures	
- evaluate	abrasion	of	fresh	foam	concrete	(refer	to	Appendix	M)	
- evaluate	resistance	to	sulphate	attack	
- evaluate	resistance	to	carbonation	
	
Foam	concrete	aggregate	(FCA)	concrete:	
- six	variables	are	identified	as	significant	in	the	production	of	FCA	concrete,	as	
discussed	in	Appendix	E.		All	variables	should	be	considered	in	a	more	thorough	
investigation,	in	order	to	determine	in	which	situations	FCA	may	be	especially	
competitive	with	conventional	lightweight	aggregates.		The	mix	design	of	the	matrix	
surrounding	the	FCA,	in	particular,	should	be	studied.	
																																																								
3	 ASTM	D4716/D4716M-14	
4	 She,	Chen,	Zhang,	and	Jones	(2013)		
5	 Akthar	and	Evans	(2010)	
6	 Jiang	et	al.	(2016b)	958		
7	 Hilal	et	al.	(2014a)	and	Hilal	et	al.	(2015c).		Cited	in	Amran	et	al.	(2015)	998	
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- test	permeable	‘no-fines’	FCA	mixes,	to	avoid	buoyancy	effects	in	mass	pours	
- prewet	FCA	to	avoid	minimize	of	segregation	and	densification	observed	in	Section	
6.3	and	6.4,	and	to	avoid	foam	collapse	caused	by	bubbles	coming	in	contact	with	
dry	ingredients	
	
Predictive	modeling:	
- results	from	the	database	developed	in	through	this	study	may	be	translated	into	
predictive	models,	such	as	those	using	artificial	neural	networks,	as	proposed	by	
Bayuaji	and	Nuruddin8	and	Nehdi	et	al.9		
	
Geometric	modeling	and	fabrication	of	new	foam	concrete	products:	
- research	must	account	not	only	for	material	properties,	but	also	geometric	
properties	that	capitalize	on	foam	concrete’s	advantages.		Developments	may	
include	the	fabrication	of	full-scale	mock-ups	of	possible	products,	to	refine	
products	in	light	of	issues	of	manufacture,	logistics,	and	assembly.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
																																																								
8	 Bayuaji	and	Nuruddin	(2008)	
9	 Nehdi	et	al.	(2001)		
